Accurate dynamic characteristic coefficients of water-lubricated rubber bearings are necessary to research vibration of ship propulsion system. Due to mixed lubrication state of water-lubricated rubber bearings, normal test rig and identification method are not applicable. This paper establishes a test rig to simulate shaft misalignment and proposes an identification method for waterlubricated rubber bearings, which utilizes rotor unbalanced motion to produce self-excited force rather than artificial excitation. Dynamic performance tests under different conditions are operated. The results show that when rotational speed is less than 700 r/min, even if specific pressure is 0.05 MPa, it is difficult to form complete water film for the rubber bearing which was investigated, and contact friction and collision of the shaft and bearing are frequent. In the mixed lubrication, water film, rubber, and contact jointly determine dynamic characteristics of water-lubricated rubber bearings. The contact condition has a significant effect on the bearing stiffness, and water film friction damping has a significant effect on bearing damping. As for the particular investigated bearing, when rotational speed is in the range of 400∼700 r/min and specific pressure is in the range of 0.03∼0.07 MPa, bearing stiffness is in the range of 5.6∼10.06 N/ m and bearing damping is in the range of 1.25∼2.02 Ns/ m.
Introduction
Increased level of environmental awareness and energy saving objective have promoted a growing interest in environmentally friendly technologies in recent years. Waterlubricated bearings have good wear resistance, stable chemical property, and environment friendliness which are being used in vessel propulsion system, hydropower, water pumps, and other industrial sectors. Water-lubricated rubber bearings are used to support the propeller shaft, and researches show that propulsion rotor system is the most important factor of vessel noise [1, 2] . Dynamic characteristics of waterlubricated rubber bearings affect the dynamic behavior of propeller rotor system, which directly determine operation state and quality of propulsion system [3, 4] . Obtaining dynamic characteristic coefficients of rubber bearings is meaningful to assess stability and fault diagnosis of the rotorbearing system [5, 6] .
Pertinent literatures report many identification methods of bearing dynamic characteristic coefficients, which can be divided into stable excitation method [7, 8] and transient excitation method [9, 10] . The former mainly includes compound excitation method, single-frequency twice excitation method, and multifrequency excitation method. And the later mainly includes wide-band excitation method. Parkins [11] used compound excitation method and obtained bearing's linear damping coefficients in horizontal and vertical directions. Reddy et al. [12] used the single-frequency twice excitation method to measure dynamic characteristic coefficients of tilting-pad journal bearings, which is only 10% different from the theoretical value. The exciting force of wide-band excitation method is transient signal, whose response energy is scattered and the signal-to-noise ratio is low. Wang [13] used the noncontact harmonic excitation method and the additional unbalance excitation method to measure a high-speed water-lubricated hybrid bearing. Most of these dynamic excitation methods are based on specialized bearing test rigs, which can be divided into "positive" [13] and "inverted" [14] . In the former case, test bearing is suspended on shaft, and test bearing response is from direct exciting force, while in the latter case, test bearing is fixed in bearing seat and exciting force working on the shaft is passed to test bearing. These test methods and test rigs are mostly for oil-lubricated bearings and less for water-lubricated rubber bearings.
Due to the particularity of material and application conditions, it is difficult to operate dynamic experiment of water-lubricated rubber bearings. Firstly, rubber is very soft, its elastic modulus is only 0.04‰ of that of steel, and rubber bearing lining surface is prone to obvious deformation under stress [15] . Moreover, vessel propeller hangs on one end of the propeller shaft, causing bend of propeller shaft [16] . With shaft misalignment, there is always mixed lubrication of dry friction, boundary lubrication, and film lubrication on the interface of water-lubricated rubber bearings [17] . By this time, dynamic characteristics of rubber bearings are very complex and affected by factors such as extruded water film, rubber property, and contact condition [18, 19] . It is difficult for "inverted" bearing test rig to simulate this mixed lubrication state, which leads to difficulty in implementing dynamic characteristic test method based on the test rig [20] . The "positive" bearing test bench can simulate the shaft misalignment, but it is difficult to use artificial excitation on the tilting shaft.
This work aims to propose identification method of dynamic characteristics coefficients of water-lubricated rubber bearing with local contact and obtain dynamic performance rules. Section 2 introduces the experimental apparatus. The test scheme and procedure are proposed in Section 3. Section 4 gives the results and discussion. Finally, conclusion is given in Section 5. 
Experimental Apparatus

Test Rig.
In order to simulate shaft misalignment of water-lubricated rubber bearings' actual operation, "positive" bearing test rig is designed as shown in Figures 1 and 2 . The test rig includes variable frequency motor, rotor-bearing system, hydraulic loading system, and water lubrication system. The measure system mainly includes sensors, signal transmitter, data acquisition card, and identification software of dynamic characteristic coefficients. Test bearing is fixed on the bearing seat, and support shaft. There are hydraulic loading devices on both sides of test bearing. Two deep groove ball bearings are used for applying load which get lubricated by grease, and a force sensor is mounted on the top of load pole. When two loading forces are not equal, the shaft will tilt. The working conditions of test rig are rotational speed of 0∼1000 r/min, loading force of 0∼1 t, and water pressure of 0.1∼0.6 MPa. Strain gauge drawing force and compression force sensors are used, PLD204KM. Rated capacity (Emax) is 1000 kg, rated output is 2.0 ± 10%mV/V, and ultimate overload is 200% FS.
Test Bearings.
The structure of test bearings is shown in Figure 3 , which is composed of bushing and complete rubber lining. The basic parameters are shown in Table 1 . There are 8 pads in the bearing, shaft diameter is 100,00 mm, and diameter clearance is 0.4 mm. The lining material is nitrilebutadiene rubber (NBR), and the rubber's Shore A hardness is 76. Surface roughness of the rubber is Ra 1.6. When installing the bearing, a pad is at the bottom (4#). During testing, water is supplied at one end of bearings and outflows from the other end.
The Test Scheme and Procedure
As shown in Figure 1 , test bearings are fixed to the bearing seat, and it is difficult to actively excite test bearings. In this paper, an identification method of dynamic specific coefficients based on rotor self-excited is proposed, which does not need to apply external exciting force but uses rotor self-excited force and rotor vibration data to identify stiffness and damping coefficients of water-lubricated bearings. As shown in Figure 4 , at certain critical speed, the load bar loads on the rotor through rolling bearings. The force sensor set between the load bar and the rolling bearing will measure a composite force superimposed by the static force and dynamic force. The static force is the hydraulic loading force, and the dynamic force is self-excited force generated by shaft due to unbalanced operation. The DC component of the signal is the static force, which can be obtained by fast Fourier transform (FFT). Remove the DC component and get the dynamic force.
The mechanical model of test bearing system is simplified as shown in Figure 5 . The test bearing is assumed to two sections to support the shaft, and the dynamic equation of one section is
where i represents number of two segments of bearings, 1 is the near motor part, and 2 is far motor part; m 1i is the vibration quality, equaling the sum of 11 and 12 , which are two parts of shaft weight. k 0i and are parallel. When k 0i is less than 10% of , k 0i can be omitted.
The generation mechanism of k 0i will be analyzed as follows. Figure 6 is the mechanical model for connection part, where 0 is vibration quality of connection part, including the load pole, rolling bearing, and force sensors. The following equation can be established:
k 0i can be reduced by reducing . Choose small stiffness of butterfly springs between force sensors and hydraulic pole to reduce k 0i . After stacking, k 0i is about 0.26 N/ m, about 2.9% of bearing stiffness 9 N/ m. Then, k 0i in (1) can also be omitted.
Then compute Fourier transform to the simplified equation:
Equation (3) is the dynamic characteristics test equation of the rubber bearing. The initial phase angle of force is set as 1i ; then the excitation force and displacement are
The displacement impedance method [20] is used to identify dynamic characteristic coefficients of the rubber bearing. The displacement impedance is
Then dynamic characteristic coefficients of one part of bearing are
Due to eccentricity installation of rotor and coupling and some weak nonlinear factors, there surely are higher harmonics and subharmonic components that are not synchronized with the unbalanced excitation frequency of rotor in signals. But only fundamental wave information corresponding to test equation can be extracted when processing signals; dynamic force and displacement can be obtained by fundamental wave detection and tracking method [13] . Stiffness and damping coefficients of the bearing are obtained by the superposition of two sections. Superposition of parallel stiffness can be added. Damping superposition mechanism is very complex, and addition is used in this paper. So equivalent bearing dynamic characteristic coefficients are This identification method is simple to implement, and it has application prospect for dynamic characteristic test in field unit. For example, sensor dynamic load can be installed on the back of bearings, and joint vibration data can identify dynamic characteristic coefficients of bearings.
The test parameters include rotational speed, specific pressure, and running time. As shown in Table 2 , at each specific pressure, there are four kinds of rotational speeds. Each working condition lasted for 25 minutes, and rotor operation is stable at this time. Then, Force and vibration data was recorded.
Experimental Results and Discussion
Before identifying dynamic characteristic, it is necessary to determine bearing lubrication condition according to Orbit with and without load is shown in Figure 7 . When there is no load, the orbit is approximately elliptical, indicating that the rotor is unbalanced. The orbits of near and far motor parts show spikes and saltation lines. The saltation is very obvious. It is analyzed that it is not caused by the test error but may be caused by changes of rotor position when the rotor collides with bearings. As shown in Figure 7 (b), the track's maximum amplitude of orbit reaches 400 m in far motor part. It is similar to the diameter gap between rotor and bearing, which shows that rotor and bearing in far motor pad are in the state of continuous contact. The movement amplitude of near motor part is less than 280 m, which indicates that this part is in the state of dynamic lubrication and occasional collision. In conclusion, the bearing is in mixed lubrication state where there is local contact at low speed.
Figures 7(c) and 7(d) are orbits in rotational speed of 400 r/min and specific pressure of 0.05 MPa when rotors are loaded on two sides or bearing. Compared with no load, the movement amplitude of rotor is obviously reduced: for the far motor part, it is less than 280 m. For the near motor part, the movement amplitude of vertical direction is less than 220 m. Shaft orbit is 8-shaped and banana shaped for the far motor part, indicating that the rotor is unbalanced and misaligned. There are still spikes on shaft orbits and especially some large spikes appear in the horizontal direction of far orbit, which is caused by rub and impact due to no static force constraints.
In order to further explain the phenomenon, Figure 8 shows the rotor time domain waveforms. When the rotor is not loaded, far motor part's movement amplitude is greater than that of the near motor part. After loading, the former is less than the later due to static force of vertical direction. Periodic small peak has the same frequency with fundamental frequency, which indicates that there are periodic collisions in this direction. Figure 9 shows shaft orbits at the rotational speed 700 r/min with and without load and line speed is about 3.7 m/s. The basic rules of shaft orbit at 700 r/min are similar to those at 400 r/min, but there are more spikes in the horizontal direction of near motor part at 700 r/min, and there is a horizontal line in orbits of two parts, which may be caused by saltation of shaft due to collisions, and this saltation line also exists when loading. At the speed of 700 r/min, orbit of far motor part is banana shaped rather than 8-shaped, and increasing speed is conducive to weaken misalignment.
Adding different orbits into one figure, Figure 10 shows how orbits migrate, and change size with the change of working condition. As for near motor part, with increasing speed or load, orbit has a decreasing trend. However, it has a small change due to restricting from coupling. As for far motor part, the size of orbit significantly reduces with the increase of speed or load, and its shape becomes more and more elongated. Figure 11 shows stiffness and damping coefficients identified at different loads and speeds. As shown in Figure 11(a) , when the specific pressure is 0.03 MPa, stiffness coefficients at both parts of rubber bearing decrease while increasing rotational speed. For example, equivalent stiffness of bearing at 400 r/min is 7.17 N/ m, which is 2.5 times more than that at 700 r/min. In addition, the far part stiffness is significantly larger than the near part stiffness. Because motion amplitude of fast part is larger than that of near part, times and areas of contacting between shaft and bearing are larger, and squeezing effect of shaft is more pronounced on rubber. With increasing speed, this difference becomes smaller. The reason is when the speed becomes higher contact situation on both parts becomes more and more similar. From this point of view, the contact situation has a significant effect on bearing stiffness. As shown in Figure 11(b) , when the specific pressure is 0.07 MPa, the rule of bearing stiffness is similar to the condition of 0.03 MPa, but stiffness increases obviously. For example, when rotational speed is 400 r/min and specific pressure is 0.07 MPa, the equivalent stiffness of bearing is 10.06 N/ m, which is 1.4 times of that at 0.03 MPa. In condition of 400∼700 r/min rotational speed and 0.03∼ 0.07 MPa specific pressure, bearing stiffness is in the range of 5.6∼10.06 N/ m.
As shown in Figure 12 (a), when the specific pressure is 0.05 MPa, damping coefficients at both pads of bearings increase substantially with increasing of rotational speed. For example, equivalent damping of bearing at 400 r/min is 1.72 Ns/ m, and it is 1.5 times that at 700 r/min. When rotational speed is 600 r/min, the damping of far motor part fluctuates slightly. In addition, unlike stiffness changing, the damping of near motor part is slightly larger than that of far part. Bearing damping is mainly composed of water film friction damping, rubber material damping, and contact damping. The times and area of near part contact are smaller than those of far part; that is, water film of near part is better than that of far part. So water film friction damping of near part is greater than that of far part. Although the far contact damping may be greater than the near contact damping, the near bearing damping is greater than that of far part. From this point of view, water film friction damping impacts more significantly on bearing damping than other factors.
As shown in Figure 12 (b), damping coefficients at both parts decrease substantially with the increasing of rotational speed. However, at 600 r/min, damping fluctuates at both parts. This fluctuation may be caused by sharp collisions between shaft and bearing. In addition, the greater the load is, the greater the bearing damping becomes. For example, when rotational speed is 400 r/min and specific pressure is 0.06 MPa, equivalent damping of bearing is 2.03 Ns/ m, which is 1.2 times that at 0.05 MPa. In condition of 400∼700 r/min rotational speed and 0.03∼0.07 MPa specific pressure, the bearing damping is in the range of 1.25∼2.02 Ns/ m.
As mentioned, there is the mixed lubrication on interface of water-lubricated rubber bearings. It is hard to precisely measure the size and location of contact area, so the contact state has to be simplified. Divide the loading area into one contact region Ω and one lubricating region Ω [20] , as shown in Figure 13 .
Bearing stiffness is composed of contact region stiffness and lubricating region stiffness ; they are solved, respectively, and composite is obtained. The similar method can be used to get bearing damping . When film stiffness is far greater than that of rubber, and film damping is far greater than that of rubber, water film stiffness and rubber damping can be neglected. Thus, and can be simplified as follows.
According to the above equations, stiffness of waterlubricated rubber bearings mainly depends on rubber stiffness while bearing damping is determined by water film damping. The less contact length ratio is, the larger bearing damping becomes. The above statement is only a simplified consideration of mixed lubricated bearings, and more complete model and experiments will be the focus of future research.
Conclusions
Aiming at dynamic characteristic experimental study of water-lubricated rubber bearings in mixed lubrication, researches are carried out on test rig and identification method and rules of dynamic characteristic in different conditions are proposed in this paper. Conclusions are as follows:
(1) When rotational speed is less than 700 r/min, even if specific pressure is 0.05 MPa, it is difficult to form completely water film lubrication on the rubber bearing which was investigated, and rub and impact of the shaft and bearing are obvious.
(2) In this paper, an identification method of dynamic characteristic coefficients based on rotor self-excited is proposed, and it provides a new idea for the dynamic performance test of bearing in mixed lubrication. It also has the application prospect in field unit. For example, sensor dynamic load can be installed on the back of bearings, and joint vibration data can identify dynamic characteristic coefficients of bearings.
(3) In mixed lubrication, the water film, rubber, and contact jointly determine dynamic characteristics of water-lubricated rubber bearings. The contact condition has a significant effect on the bearing stiffness, and water film friction damping has a significant effect on bearing damping. As for the particular investigated bearing, when rotational speed is in the range of 400∼700 r/min and specific pressure is in the range of 0.03∼0.07 MPa, bearing stiffness is in the range of 5. 
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